Interbedded strata and their collapse are vital to mining pressure control for extremely thick coal seam under goaf. To ensure the stability of the support and to avoid roof collapse, some traditional underground pressure theoretical models had been widely used in the control of surrounding rock and the selection of support. However, one of the challenges for extremely thick coal seam under goaf is that the abnormal disasters, such as support crushing and water inrush that were occurring frequently. To solve this problem, the movement characteristics of overburden rocks during the mining of extremely thick coal seam under the conditions of the interlayer thickness of 5 m and 40 m were studied by using the similar simulation experiments, while the numerical simulation experiments were carried out for the interval between coal seams of 15 m and 60 m, respectively. Finally, the structure and mechanical transfer mechanism of overburden in stope under different thickness interbedded strata were analyzed dynamically, and the condition of full-thickness connection between upper goaf and lower goaf and corresponding judgment criteria are obtained. ese results can guide future research on the mechanical of extremely thick coal seam under goaf, which can provide a theoretical basis and engineering reference for similar projects.
Introduction
With the depletion of shallow coal resources, coal mining operations were gradually transferred to a single extremely thick coal seam with a thickness of 6-25 m [1, 2] . In China, there exist a great number of the coal seams with the abovementioned conditions in Shanxi, Shaanxi, Inner Mongolia, Xinjiang, and other regions. erefore, a feasible mining method is significant for these coal seams [3, 4] . is study was conducted in Xiegou Coal Mine (No. 13 coal seam under No. 8 goaf ). e first working face (23103) is exposed to abnormal disasters such as support crushing and water inrush, which also indicates it is not viable to deal with the extremely thick coal seam simply based on the theory of traditional mine pressure.
e redistribution of surrounding rock stress induced by coal mining operations, the intensive stress, and stress transfer to the deeper extensively exist when mining operations are developed deeper. Meanwhile, these problems bring difficulties in the mining operations [5] [6] [7] . Close-distance coal seams refer to coal seams with small coal seam spacing and substantial influence on each other at mining operations [8] [9] [10] [11] . As a result, the upper coal seam mining damages the surrounding rock and then transmits stress to the bottom plate [10] [11] [12] [13] . Yan [14] [15] [16] [17] conducted a preliminary study on the joint mining theory of short-distance thin coal seams; Zhu et al. [18] conducted a relevant theoretical investigation with the following assumption: the interlayer and upper degraded rock formation were regarded as a block and a loose body, respectively. Due to the variation of coal seam occurrence conditions and interlayer distance, the mine pressure performance of the fully mechanized coal mining face has various characteristics [19] [20] [21] [22] [23] [24] . Under this condition, it is difficult to determine the load of working faces simply based on the traditional theory of roof support and control.
In addition, several problems (e.g. water, fire, gas, and mine pressure disasters) in extremely thick coal seams become increasingly serious. e spacing between the coal seam and upper goaf ranges from 30 to 80 m. For ordinary working faces, there will be no obvious safety problems for downward mining, but for the 15 m thick coal seam, the fault zone will directly penetrate the upper goaf. e fractured rock mass transmits the load, and the main roof breaking movement may directly affect the surface; in the presence of the coal pillar in the upper goaf, there may be harmful gas accumulation and wastewater enrichment, which may cause accumulation of gas in the mining of the underlying thick coal seam and even coal seam spontaneous combustion, water inrush, and other disasters [3, [24] [25] [26] [27] [28] ; residual coal pillars in the goaf to transfer stress concentration may suddenly lose stability or cause impact pressure [7, 29] . e actual measurement of the mine pressure in the Xiegou coal mine, the Tashan coal mine, and the Suancigou coal mine shows that, under goaf (especially under the coal pillar), the lower working resistance of the hydraulic supports is common for the fully mechanized caving mining in the extremely thick coal seam but occasionally shows abnormal pressures such as support crushing and water inrush.
erefore, whether it continues to improve the working resistance of the hydraulic supports is a topic worth considering. erefore, whether the stope continues to improve the working resistance of the bracket is a topic worth considering.
e overlying strata structure of the mining of extremely thick coal seam under goaf will form a structure similar to the shallow buried depth rather than the shallow buried depth, and the structure is similar to the thick alluvium while not the thick alluvium. Mostly, the pedestal rock of the shallow coal seams is thinner, and the surface is loosely covered. e mining pressure of the shallow working face is severe, and the loose covering layer moves with the bedrock layer and falls on the surface, which is prone to abnormal disasters and water or sand inrush. Huang and Xu have conducted relevant studies of this aspect [30] [31] [32] [33] ; as the thick alluvium is extensively excavated in the bottom coal seam, the alluvium is integral in the motion deformation, its self-weight will be acting on the underlying bedrock in the form of loads, while the bearing capacity of the bedrock is easily analysed and the roof of the working face can be controlled easily [34] [35] [36] . e overlying strata structure of the mining face with large mining height and fully mechanized caving mining under the goaf has its own particularity, and the overlying goaf generally contains wastewater from the upper goaf, which is prone to water inrush from the roof. e relationship between the surrounding rock and the support is still unclear, especially the mechanism of the support crushing is not enough. Under the background of a large amount of extremely thick coal resources buried in the goaf in China, relevant research needs to be carried out. 
Physical Simulation

Interbedded Strata ickness of 40 m.
e working face pressure characteristics are shown in Table 2 . When the working face advances 0.72 m (36 m), the top coal first falls, and the overburden appears to be separated (Figure 2 Figure 3 ). It is assumed that the layers of the coal and rock mass are isotropic and horizontal, the horizontal and displacement constraints are established at the bottom of the model, the horizontal constraints are established at the left and right boundaries, and the upper boundary is the stress boundary. e models of interlayer rock thicknesses of 60 m and 15 m are established. e mechanical parameters of coalrock contact surfaces are shown in Table 3 .
Results of Numerical Simulation
Interbedded Strata ickness of 60 m.
When the working face advances 40 m, the lower immediate roof directly falls behind the working face, and the upper immediate roof is directly broken; the total damage height reaches 20 m, forming a small "arch structure" (Figure 4(a) ). When the working face advances 60m, the upper immediate roof collapses, the total damage height reaches 30m, and the fracture zone is in the interbedded strata, while the small "arch structure," as have been mentioned above, expands into a larger "arch structure" (Figure 4(b) ). When the working face advances 80 m, the lower main roof breaks, and the damage height reaches 40 m, and the "arch structure" does not expand significantly (Figure 4(c) ). When the working face advances 100 m, it enters the coal pillar of the goaf and the lower main roof collapses, which leads to a large breakage, where the total damage height reaches 120 m and the large "arch structure" and the upper goaf are connected (Figure 4(d) ). When the working face advances 140 m, it enters the goaf and the upper goaf is affected by the upper coal seam. However, the total damage height reaches the upper boundary of the model, and the bracket is in the "given deformation" state ( Figure 4(e) ). When the working face advances 180 m, the overburden area passes through the goaf and the bracket is in the "given load" state, with coal pillars as the axis of symmetry, forming two large "arch structures" which is shown in Figure 4 (f ).
Interbedded Strata ickness of 15 m.
When the working face is advanced 40 m, the interbedded strata collapse in the form of block structure, with a damage height up to Advances in Civil Engineering 5 20 m, and break through the upper goaf ( Figure 5(a) ). When the working face is advanced by 60 m, the total damage height reaches 30 m, there is no fracture or collapse of the main roof, and the interbedded strata push down with the working face ( Figure 5(b) ). When the working face advances 80 m, the overlying strata of the coal pillar break ( Figure 5(c) ). When the working face advances 100 m, it enters the coal pillar of the goaf. e immediate roof collapses, and the total damage height reaches 120 m ( Figure 5(d) ). When the working face advances 140 m, it enters the goaf, the interbedded strata collapse with the working face, and the total failure height reaches the upper boundary of the model (Figure 5(e) ). When the working face advances 180 m, the overburden completely collapses and it forms a large "arch structures," and the support is in a "given load" state ( Figure 5(f) ). When the interlayer rock thickness is 15 m, it can be observed that the interlayer rock layer and the overlying rock layer gradually evolve into a large "arch structure" with a small "arch structure" as the working face advances, and the interlayer rock layer is an articulated block structure.
Discussion
Arch Structure and Its Stability of Interbedded Strata.
When the interbedded strata are thick, the interbedded strata fall structure can be regarded as an "arch structure," as shown in Figure 6 . Since the interlayer rock is not uniformly distributed by the pressure of the overlying rock formation, the interlayer rock formation eventually forms a loose layer arch structure in order to resist the uneven pressure. e overburden pressure will be transmitted from the vault to the arch that is still fixed in the stable rock formation, eventually forming a relatively stable space to protect the working face. When the loose layer arch structure advances to a certain distance on the working face, it will penetrate with the goaf of the old arch structure of the upper layer, which is characterized by the full thickness of the interlayer rock.
e working resistance of the support F z consists of two parts, the gravity of main roof W and load from loose layer F s .
e gravity of the main roof:
where L 1 is the control top distance of the support (m), L 2 is the width of the support (m), ρ 1 is the density of the main roof (kg/m 3 ), and h 1 is the thickness of the main roof (m). Load from the loose layer:
where d is the span of the arch (m), h 2 is the height of the free space in the stope (m), ρ 2 is the density of the loose layer (kg/m 3 ), and f is the solid constant of the loose layer. erefore, the working resistance of the bracket is as follows:
Mass Block Structure and Its Stability of Interbedded
Strata. When the interbedded strata are thinner, the interlayer rock layer is simplified to the block structure mechanical model, as shown in Figure 7 . It is assumed that block No. 2 is in equilibrium, and the surrounding rock near the top plate is subjected to the combined force of the horizontal load and the combined force of the vertical load. If the interlayer rock mass is balanced only by its own weight and vertical stress, the following equations are obtained:
where φ l is the internal friction angle of the structural surface (°), α is the dip angle of fracture surface (°), W is the gravity of No. 2 rock sample (N), and Y 5 is the join force of No. 2 rock sample in the direction of q y (N). It can be obtained from the above equations, when α ≤ φ l , the No. 2 rock will be at rest; when α > φ l , the No. 2 rock will slide.
Based on the block equilibrium equation,
From the left side of the No. 2 rock, it can be seen
Namely, the equations can be transferred as follows:
From the right side of the No. 2 rock, it can be seen
Also, the above equations can be transferred as follows:
erefore, the sliding force can be achieved as follows:
Since it is generated by the vertical load, the No. 2 rock is in equilibrium in the horizontal direction, so it is available: Since Y 5 is generated by the vertical load q y , that is, Y � Y 5 � f(q y ), and X 3 and X 4 can be made by horizontal force q x , the No. 2 rock mass is in equilibrium in the horizontal direction:
Also, the sliding force F can be formulated as follows:
e gravity of No. 2 rock W can be seen as follows:
where I is the width of cracks (m), H is the length of the block (m), and c is the unit weight of the block (kg/m 3 ). en, the horizontal forces X and vertical forces Y can be shown as erefore, the sliding force F can be expressed as
Assume F > 0 and α > φ l , the prevailing instability criterion can be shown:
Division of ree Zones.
ere is no uniform definition of close-distance coal seam mining, which is affected by the thickness of coal seam mining and overlying strata structure, interlayer rock stratum structure, and lithology. Along with the prevention and control of roof collapse and spontaneous combustion in extremely thick coal seam mining under the goaf, the adaptability to close and nonclose distances should also be considered. Liu [37, 38] calculated the empirical formulas of the height of the caving zone and the fracture zone as shown in Table 4 , which was according to the lithology of the overlying strata. is method can be used generally to divide "three zones" of the depressing zones overlying a goaf, as the caving zone, fracture zone, and complete subsidence zone.
From the structural characteristics of the interlayer rock, whether the caving zone of lower coal seam is connected with the upper goaf as the boundary of the coal seam closedistance coal seam. When the mining thickness is 15 m, if the interlayer rock layers are all hard rock layers and less than 60 m or the interlayer rock layers are all soft stratum and less than 15 m, they are close-distance coal seams.
From the perspective of fire prevention and leakage prevention, whether the fracture zone of lower coal seams reaches the upper goaf as the boundary of the close-distance coal seam is identified. If the caving zone and the fracture zone are both hard rock layers and less than 100 m or both the caving zone and the fracture zone are soft rock layers and less than 35 m, they are close-distance coal seams.
(1) When the interlayer rock thickness is greater than 100 m, the interlayer rock layer gradually evolves into a large "arch structure" in the form of a small "arch structure" with the advancement of the working face, and "three zones" formed behind the working face in the interbedded strata, as shown in Figure 8 . However, due to the thick interbedded strata, the maximum height of the "arch structure" is smaller than the thickness of the interlayer rock. erefore, the presence of the upper goaf does not affect the "three zones" in the interbedded strata. (2) When the thickness of the interlayer rock is less than 60 m, the lower goaf breaks in the form of block structure with the advancement of the working face and quickly penetrates with the upper goaf, and the entire overburden falls in the form of "arch structure," as shown in Figure 9 . At this time, the fall zone of the upper goaf is affected by the secondary disturbance, the fracture zone becomes a new caving zone, and the complete subsidence zone becomes a new fracture zone. (3) When the thickness of the interlayer rock is between 60 and 100 m, the interbedded strata will gradually evolve into a large "arch structure" in the early stage of the working face advancement, and the upper goaf will not affect the "three zones" in the interlayer rock layer. When the height of the "arch structure" reaches the thickness of the interbedded strata and continues to develop upwards, it will penetrate with the upper goaf. At this time, the upper goaf will cave. e zones are subjected to secondary disturbances, the old fracture zone becomes a new caving zone, and the complete subsidence zone becomes a new fracture zone.
Conclusions
According the physical simulation, numerical simulation, and theoretical analysis, the different thickness interbedded strata and their collapse during the mining of extremely thick coal seam were studied. e main conclusions can be drawn as follows:
(1) From the structural characteristics of the interbedded strata, whether the caving zone of the lower coal seam is connected with the upper goaf as the boundary of the coal seam close-distance coal seam is identified; from the perspective of fire prevention and leakage prevention, whether the fracture zone of lower coal seam is connected with the upper goaf as the boundary of the close-distance coal seam is identified (2) When the interbedded strata is thin, the interlayer rock falls in the form of block structure caving, overlying strata are "arch structure" in the form of caving; when the interbedded strata is thick, the interlayer rocks are in the form of "arch structure" (3) When the interbedded strata are thinner, the first top coal caving, the first immediate roof caving, the first roof weighting, and the maximum working resistance of the hydraulic support are relatively earlier than thick interlayer, while the periodic roof weighting pace and the angle of the top coal and immediate roof have no significant changes (4) e maximum working resistance of the hydraulic support under different conditions occurs when the working face enters and exits the pillar of coal
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